Objective-To evaluate new echocardiographic modes in the diagnosis of arrhythmogenic right ventricular cardiomyopathy (ARVC). Design-Prospective observational study. Setting-University Hospital. Subjects-15 patients with ARVC and a control group of 25 healthy subjects. Methods-Transthoracic echocardiography included cross sectional measurements of the right ventricular outflow tract, right ventricular inflow tract, and right ventricular body. Wall motion was analysed subjectively. M mode and pulsed tissue Doppler techniques were used for quantitative measurement of tricuspid annular motion at the lateral, septal, posterior, and anterior positions. Doppler assessment of tricuspid flow and systemic venous flow was also performed. Results-Assessed by M mode, the total amplitude of the tricuspid annular motion was significantly decreased in the lateral, septal, and posterior positions in the patients compared with the controls. The tissue Doppler velocity pattern showed decreased early diastolic peak annular (E A ) velocity and an accompanying decrease in early (E A ) to late diastolic (A A ) velocity ratio in all positions; the systolic annular velocity was significantly decreased only in the lateral position. Four patients had normal right ventricular dimensions and three were judged to have normal right ventricular wall motion. The patient group had also a significantly decreased tricuspid flow E:A ratio. Conclusions-Tricuspid annular measurements are valuable, easy to obtain, and allow quantitative assessment of right ventricular function. ARVC patients showed an abnormal velocity pattern that may be an early but non-specific sign of the disease. Normal right ventricular dimensions do not exclude ARVC, and subjective detection of early changes in wall motion may be diYcult. (Heart 2001;86:31-38) 
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is characterised by progressive fibrofatty replacement of the right ventricular myocardium 1 2 which constitutes a substrate for electrical instability and a focus of ventricular arrhythmias. Clinically, ARVC usually presents with ventricular arrhythmias, 3 and there is growing evidence that this is the underlying disease in a substantial number of sudden deaths among young, apparently healthy individuals. [4] [5] [6] The diagnosis of ARVC relies on the presence of structural and functional abnormalities of the right ventricle, electrophysiological abnormalities, and a family history. 7 Echocardiography plays an important role in the evaluation of patients with suspected ARVC. However, it has many limitations in the assessment of right ventricular function, 8 and there is still no generally recommended method for quantifying the function of the right ventricle. Measurement of tricuspid annular motion has been proposed as a method for estimating right ventricular systolic function, 9 and it has been found to correlate well with the right ventricular ejection fraction. 10 Our aim in this study was to describe the echocardiographic findings in patients with ARVC, paying special attention to the added value of measurement of tricuspid annular motion by M mode and pulsed tissue Doppler.
Methods

PATIENTS
We studied 15 patients (10 men, five women) aged 22-59 years (mean 39) aVected by ARVC. The clinical diagnosis was based on the criteria proposed by McKenna and colleagues. 7 Some clinical characteristics are given in table 1.
Ten patients had a history of syncope or palpitations. Ventricular tachycardia of left bundle branch block morphology was confirmed in nine of these, and supraventricular tachycardia in one. The time from the first presentation of cardiac symptoms to carrying out the present study ranged from less than one year to 16 years. No patients had any clinical suspicion of ischaemic heart disease; however, four patients (cases 3, 13, 14, and 15) had undergone coronary angiography, which was normal in all cases.
Four patients from two diVerent families were investigated because of a family history of sudden death where ARVC was confirmed at necropsy of the relative. These four patients were asymptomatic but had shown frequent ventricular premature beats on earlier resting ECG or during an exercise test.
One patient (case 7) had an abnormal ECG with ventricular premature beats on health screening. She was the only patient in whom the echocardiographic finding was necessary to fulfil the proposed criteria for ARVC.
Fourteen patients underwent percutaneous endomyocardial biopsy from the right ventricle. A standard ECG was recorded in all patients. In all except one patient, we performed signal averaged ECGs based on time domain analysis and with the high bandpass filter fixed at 40 Hz. Abnormal values were defined according to the recommendations of Breithardt and colleagues. 11 None of the patients had systemic hypertension, pulmonary disease, or significant valvar heart disease. At the time of evaluation, eight patients were on sotalol, one on metoprolol, one on metoprolol and amiodarone, one on amiodarone and mexiletine, and one on amiodarone and sotalol. Two patients (cases 4 and 14) had an automatic cardioverter-defibrillator implanted.
NORMAL POPULATION
In order to establish local reference values of right ventricular dimensions and tricuspid annular motion, a group of 25 normal subjects (11 male, 14 female) aged 21-75 years (mean 38) were examined. The subjects were mostly medical students or acquaintances of the authors. All were subjectively healthy. None had a history of cardiovascular disease or medical treatment. They had normal blood pressure, a normal physical examination, and a normal standard ECG and echocardiogram.
ECHOCARDIOGRAPHIC STUDIES
All studies were performed using an Acuson 128XP instrument (Acuson Corporation, Mountain View, California, USA) equipped with software for Doppler tissue imaging. A 2.5 or 3.5 MHz phased array transducer was used.
The subjects were in the left lateral recumbent position except when imaging from the right supraclavicular window, when they were turned to the supine position.
For evaluation of the right ventricle, images were obtained from multiple standard views. 12 From the apical window, we recorded tricuspid annular motion at four diVerent positionslateral, septal, posterior, and anterior-using cross sectional guided M mode. Both the total amplitude and the atrial component were calculated as described by Hammarström and colleagues. 9 Tricuspid annular motion was also recorded by pulsed tissue Doppler from the same four locations. This was done by placing the sample volume (4 mm) in the bright area of the tricuspid annulus, taking care to align the ultrasound beam as parallel as possible to the motion. Recordings from the lateral and septal positions were made from the standard four chamber view ( fig 1A) . However, in some patients it was necessary to move the transducer medially and caudally from the standard position to get optimal alignment in relation to the motion.
Recordings from the anterior and posterior positions were made by tilting the transducer anteriorly or posteriorly, respectively, until the motion of the tricuspid valve disappeared, and then centring the sample volume within the annulus. The peak annular velocities in systole (S A ), early diastole (E A ), and late diastole (A A ) (fig 1) and the peak early to late (E A :A A ) diastolic ratio were calculated. Using conventional pulsed Doppler, the tricuspid flow was recorded from the apical four chamber view. The peak early diastolic (E), late diastolic (A), and ratio of peak early to late diastolic (E:A) flow velocities were calculated. In the patient group, superior vena cava flow was measured from the right supraclavicular fossa by placing the sample volume at a depth of 5-7 cm. Venous peak flow velocities were measured in systole and diastole and the systolic to diastolic ratio was calculated. Tricuspid regurgitation was estimated semiquantitatively by colour and spectral continuous wave Doppler and graded as mild, moderate, or severe. All studies were recorded on both videotape and strip chart recordings (50 or 100 mm/s) with simultaneous ECG, and with a respiration trace obtained from a nasal thermistor.
ANALYSIS OF ECHOCARDIOGRAPHIC DATA
To minimise bias the echocardiograms from patients and normal subjects were coded and mixed with eight other echocardiograms, three from patients investigated because of ventricular arrhythmia and five from patients with a family history of ARVC. None of these patients fulfilled the criteria for ARVC and their data are not reported in this paper. In order to estimate reproducibility, the echocardiograms of all but one patient and 14 normal subjects were interpreted by two independent experienced observers (LL and UW), each blinded to the other's findings and to the patients or subjects.
One observer (LL), blinded to the subjects' status, interpreted the remaining echocardiograms.
From the videotape, cross sectional measurements of the right ventricular cavity were made on end diastolic frames and from three consecutive cardiac cycles. From the standard parasternal long axis view the right ventricular outflow tract was measured from the right ventricular anterior wall to the right side of the interventricular septum (fig 2A) . From the apical four chamber view the minor axis of the inflow tract was measured within one third of the distance below the tricuspid valve annulus towards the apex, and the right ventricular body was measured by taking the maximum dimension of the middle third of the right ventricle ( fig 2F) .
The absolute measurements were corrected for body surface area and were considered increased if they equalled or exceeded the mean value +2 SD of the normal subjects. Right ventricular wall motion was subjectively evaluated by dividing the ventricle into 12 segments (R1-R12) ( fig 2) . The observers classified each segment as having normal wall motion, mild hypokinesia, severe hypokinesia, akinesia-dyskinesia (scored 0, 1, 2, and 3, respectively), or not visualised. To mimic the clinical situation, the data presented are from one observer only (LL). The interindividual variation was calculated for cavity dimensions and regional wall motion analysis. M mode and Continuous data are presented as mean (SD). Group comparisons were made using the unpaired Student t test, and a probability value of p < 0.05 was considered significant. The interobserver variability for right ventricular dimensions was expressed as the mean diVerence (mean diV ) and 1 SD of the diVerence (SD diV ). The coeYcient of variance was calculated by the formula: (SD diV /mean value) × 100%. Cohen's weighted test ( w ) was used to estimate the interobserver agreement of right ventricular wall motion analysis beyond chance occurrence. 14 
Results
CLINICAL CHARACTERISTICS
Thirteen patients (87%) had an abnormal resting ECG with T wave inversion in the right precordial leads (table 1) . Abnormal late potentials were present in eight patients, judged from the signal averaged ECG recording, and an additional patient showed ventricular postexcitation waves (epsilon waves) on the standard ECG. 1 Thus abnormal late potentials were considered present in nine of the patients (60%).
RIGHT VENTRICULAR DIMENSIONS AND FUNCTION
In all patients, all three cavity dimensions were adequately measured. In the normal subjects some measurements were excluded because of a suboptimal cross sectional image. Comparing the patient group with the normal subjects, all right ventricular dimensions were significantly increased (table 2) .
Analysing individual patients, 11 (73%) showed dilatation of the right ventricular body, eight (53%) showed dilatation of the right ventricular outflow tract, and six (40%) showed dilatation of the right ventricular inflow tract. In four patients (27%) (cases 5, 6, 10, and 12), all dimensions were normal, and in five patients (33%) (cases 3, 4, 7, 13, and 14) dilatation was present in all three positions (table 1) . Adequate M mode recordings from the tricuspid annulus were obtained in all patients from the lateral and anterior positions. In some patients it was diYcult to obtain adequate recordings from the septal and posterior positions. Comparing the patients with the normal subjects, the total amplitude was significantly decreased in all positions except the anterior (table 3) . The anterior position on the other hand was the only site where the atrial amplitude was significantly diVerent from the normal subjects, with increased amplitude. In six patients (40%) (cases 2, 3, 4, 7, 13, and 14), the total amplitude at the lateral position was decreased, defined as < mean −2 SD of the value in the normal subjects (table 1) .
Adequate pulsed tissue Doppler recordings were obtained in all patients in the lateral, posterior, and anterior positions and in 13 patients in the septal position. The tissue Doppler pattern of the patients diVered significantly from the normal subjects (fig 1B, C) . The main finding was a significantly decreased annular velocity in early diastole (E A ). In addition, a decreased peak systolic annular velocity (S A ) was noted at the lateral point, and the peak late diastolic annular velocity (A A ) was increased at the posterior point.
Calculating E A :A A diastolic ratio, the patients showed significantly lower ratio at all four positions (table 4) . Analysing the individual subjects, none of the normal subjects below the age of 36 years had an E A :A A diastolic ratio at the lateral tricuspid annulus of less than 1.2. In contrast, five of seven patients (71%) (cases 7,9,10, 12, and 15) below the age of 36 years had an E A :A A diastolic ratio of < 1.0 (table 1) . One patient with advanced disease (case 14) had an E A :A A diastolic ratio of 1.2 because of low peak annular velocity in late diastole. In the normal subjects, lower early diastolic peak annular velocities were observed in the older subjects compared with the young ones (fig 1B,  C) . All normal subjects older than 55 years had an E A :A A diastolic velocity ratio of < 1.0.
The tricuspid flow was adequately recorded in all patients and in 21 normal subjects.
Six patients had an increased peak velocity in late diastole (A) and a calculated early to late diastolic (E:A) ratio of < 1.1. Comparing the patient group with the normal subjects, the E:A ratio was significantly decreased, at 1.4 (0.7) v 1.9 (0.7), respectively (p < 0.05). Two patients (cases 4 and 14) had abnormal superior vena cava flow with a systolic to diastolic ratio of < 1. Four patients showed mild tricuspid regurgitation and two patients had moderate regurgitation.
Regional wall motion was assessed subjectively in all patients. However, several segments were diYcult to visualise adequately, especially those from the parasternal short axis view (R4-R5) and from the parasternal long axis view of the right ventricle (R7-R9) (table 5) . Eleven patients (73%) had abnormal wall motion in the lateral wall (R10-R12), nine (60%) in the anterior wall of the outflow tract (R1-R3), eight (53%) in the anterior wall (R4, R6, R7), and six (40%) in the inferior wall (R5, R8, R9) (table 5). Three patients (cases 5, 6, and 10) were judged to have normal regional wall motion and four patients (cases 3, 4, 13, and 14) to have abnormal wall motion in all segments. None of the normal subjects was classified as abnormal, the definition being that two observers independently scored the same segment as hypokinetic.
INTEROBSERVER VARIABILITY
The interobserver variability for measurements of right ventricular dimensions in the patients was as follows: mean diV (cm/m 2 ), 0.07, 0.04, and 0.11; SD diV , 0.26, 0.17, and 0.26; and coeYcient of variance, 13%, 8%, and 16%, for right ventricular outflow tract, right ventricular inflow tract, and right ventricular body, respectively. The interobserver agreement for subjective assessment of regional wall motion was calculated for the visualised segments in the patients (110 segments) and in the normal subjects (72 segments). The agreement in patients was moderate ( w = 0.47) but poor in the normal subjects ( w < 0.2). The interobserver variability for pulsed tissue Doppler recording has previously been estimated in our department. 15 The coeYcient of variance for the lateral tricuspid position was calculated to be 15%, 19%, and 21% for the peak annular systolic, peak early, and peak late diastolic annular velocities, respectively (unpublished data).
Discussion
Previous echocardiographic studies on patients with ARVC have concentrated mainly on abnormalities of right ventricular dimensions and subjective wall motion analysis. [16] [17] [18] Dilatation of the right ventricle, global dysfunction, wall thinning with localised aneurysm or outpouchings, and apical dyskinesia have all been considered typical findings. Various new echocardiographic modes have appeared, but their place in the echocardiographic assessment of patients with suspected ARVC has still not been tested. In this study, in addition to the classical cross sectional measurements we therefore performed M mode and pulsed tissue Doppler measurements of tricuspid annular motion and analysed the right ventricular and atrial inflow patterns. We will discuss the findings from the diVerent examination modes individually and then analyse the value of obtaining these additional measurements.
CROSS SECTIONAL ECHOCARDIOGRAPHY
Measurements of right ventricular dimensions were obtained in all patients, and the interobserver variability was low. The right ventricular dimensions varied considerably, from no sign of right ventricular dilatation (n = 4) to global dilatation (n = 5). This is in line with previous studies. 16 17 All segments could be assessed in all patients in the standard parasternal long axis and apical four chamber views. In contrast, it was quite often diYcult to visualise certain segments adequately from the parasternal short axis and long axis views of the right ventricle. There was also considerable variation in wall motion abnormalities between patients, from normal regional wall motion in all segments (n = 3) to abnormal motion in all segments (n = 4). The obvious reason for this is variation in the duration of this progressive disease in the individual patients. In general, the longer the duration of the disease the more pathological the findings.
Wall motion analysis is subjective and diYcult, especially in the right ventricle. However, interobserver agreement in the patient group was moderately good, while interobserver agreement in the normal subjects was poor. These findings indicate considerable difficulties in differentiating normal motion from mild hypokinesia, while consensus on the diagnosis of severe wall motion abnormalities was good.
TRICUSPID ANNULAR MOTION
Measurement of tricuspid annular motion from the apical view has been suggested as a method of estimating right ventricular systolic function. 9 10 However, there are few reports on the analysis of tricuspid annular motion in right ventricular disease. Descent of the right ventricular base is both sensitive and specific for the identification of patients with haemodynamically significant right ventricular infarction, 19 and also the most powerful predictor of adverse outcome in patients with myocarditis. 20 DiVerent echocardiographic modes have been used in the assessment of tricuspid annular motion. Cross sectional echocardiography was described initially, 10 followed by M mode echocardiography, 9 and finally by pulsed tissue Doppler. 21 M mode and pulsed tissue Doppler recordings contain the same information. Calculating the derivative of the M mode curve gives the instantaneous velocity, which can be measured directly using the tissue Doppler technique. This latter technique has so far mainly been used in left ventricular assessment. 22 23 In this study we applied both M mode and pulsed tissue Doppler techniques. Information from the two techniques diVered slightly. While M mode showed a decreased total amplitude reflecting impaired systolic function, pulsed tissue Doppler was more sensitive in showing diastolic changes-that is, a decreased peak annular velocity in early diastole and a decreased E A :A A ratio compared with normal subjects.
When analysing these recordings one must remember the age related changes with decreasing early diastolic peak annular velocities, increasing late diastolic peak annular velocities, and decreasing E A :A A ratio with increasing age-findings in accordance with recently published results. 24 25 In our study none of the normal subjects below the age of 36 years had an E A :A A ratio lower than 1.2 at the lateral tricuspid annulus. In contrast, five of seven patients (71%) below that age had an E A :A A ratio of < 1.0. One of these patients had both normal right ventricular dimensions and visually normal regional motion. Two other patients showed normal or right ventricular dilatation at one site and only mild regional hypokinesia. An abnormal tissue Doppler pattern in diastole thus seems to give additional information over cross sectional 26 Six patients (40%) in our study showed a tricuspid inflow pattern with increased late diastolic (A) peak velocity and decreased ratio of early (E) to late (A) diastolic peak flow velocities, a pattern indicating abnormal relaxation of the right ventricle. The patient group had a significantly decreased E:A ratio compared with the normal subjects, and this could not be explained by diVerences in heart rate. Abnormal tricuspid inflow has been reported in one previous study of ARVC patients but results were only reported from six patients. 27 Two of our patients showed a severely abnormal superior vena caval inflow pattern, with a peak systolic to diastolic ratio of < 1 indicating decreased ventricular compliance. 28 Both patients had a tricuspid flow with an E:A ratio of > 1.5 suggesting pseudonormalisation, and the tissue Doppler recording from the lateral tricuspid annulus showed a low late diastolic peak velocity suggesting atrial dysfunction or a greatly increased filling pressure. None of the patients had severe tricuspid regurgitation, which otherwise can influence the venous inflow pattern.
COMPARISON BETWEEN THE DIFFERENT MODES
Cross sectional echocardiographic assessment of right ventricular function was also possible with reasonable reproducibility when assessing segmental function. The findings varied from dysfunction in all segments to normal in all. This is not surprising because the clinical presentation varied from no symptoms to a symptom duration of 16 years. The poor interobserver agreement that we found when analysing data from normal subjects-in whom it was hard to diVerentiate normal motion from mild hypokinesia-should also be born in mind. The clinical conclusion from this is that subjective detection of early changes in wall motion may be diYcult. Tricuspid annular motion with M mode or tissue Doppler was abnormal for the patient group as whole, and seems to be pathological at an earlier stage with pulsed tissue Doppler than when using the traditional cross sectional measures. Of great importance is the fact that this method is quantifiable and it should therefore be useful in both the diagnosis and the follow up of this patient group. When the analyses are combined with data on inflow variables, information can also be obtained about filling pressures.
LIMITATIONS
When recording the annular motion with pulsed tissue Doppler, it is not possible to keep the sample volume in the same position during the cardiac cycle. The velocity signal therefore includes velocities from adjacent ventricular and atrial walls.
Most of the patients were on blockers at the time of investigation. For ethical reasons, it was not possible to disrupt the drug regimen. To our knowledge, the eVect of long term treatment with blockers on right ventricular diastolic variables and tissue Doppler pattern has not been investigated in humans. It is unlikely that this treatment was the cause of the changes found, as two of our patients below the age of 30 years were not on blockers and nevertheless showed an abnormal diastolic velocity pattern from the tricuspid annulus.
CONCLUSIONS
ARVC is a familiar right ventricular myocardial disease, usually manifested by ventricular arrhythmias and an accompanying risk of sudden death. It is important to establish the diagnosis at an early stage and to investigate relatives. Assessment of the right ventricle is diYcult, requiring a combination of diVerent echocardiographic modes. Our data suggest that subjective assessment of regional right ventricular function may be hard in patients with mild myocardial dysfunction and the results are likely to have poor reproducibility. Tricuspid annular measurements are valuable and easy to obtain with both M mode and tissue Doppler echocardiography. As they are quantifiable they are therefore useful in the follow up of patients. An abnormal diastolic velocity pattern with decreased early diastolic peak annular velocity and decreased early to late diastolic velocity ratio is probably an early but non-specific sign of the disease. Normal right ventricular dimensions do not exclude ARVC in young or middle aged patients. 
